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(57) ABSTRACT

A synchronous motor includes a stator with a stator winding,
and a rotor on which magnetic poles made of permanent-
magnetic material are formed, each pole having a cambered
outer contour, especially an outer contour cambered radially
outwards, in particular, 2xp individual poles being salient in
the circumferential direction, p being the number of pole
pairs.
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1
SYNCHRONOUS MOTOR

FIELD OF THE INVENTION

The present invention relates to a synchronous motor.

BACKGROUND INFORMATION

In the case of a rotor of a synchronous motor, it is well-
known to use a punch/stacked laminated core, at whose outer
surface permanent magnets are provided.

SUMMARY

Example embodiments of the present invention provide a
synchronous motor which is easy to control.

According to example embodiments of the present inven-
tion, a synchronous motor has a stator having a stator wind-
ing, and a rotor on which magnetic poles made of permanent-
magnetic material are formed, each pole having a cambered
outer contour, especially an outer contour cambered radially
outwards,

in particular, 2xp poles, e.g., especially individual poles,
being salient in the circumferential direction, p being the
number of pole pairs.

This has the advantage that in the case of one pole ofa pole
pair, the permanent magnets are disposed so as to be magne-
tized radially outwards, and in the case of the other pole of the
pole pair, are disposed so as to be magnetized radially
inwards. In addition, because each pole is cambered radially
outwards, exceptionally reduced cogging torque is achiev-
able, resulting in an electromotive system particularly easy to
control.

To be understood by the term camber in this context is that
the respective pole has an outside diameter increasing in the
circumferential direction from its first pole edge up to its other
pole edge and then decreasing again. In this connection, it is
true that the permanent-magnetic material of a pole may be
realized in one piece and therefore cambered and, in the
process, smoothly curved. However, it is painstaking and
therefore costly to produce such a one-piece, cambered, per-
manent-magnetic body. Alternatively, the cambered structure
may also be realized using individual permanent magnets, the
centers of mass and/or midpoints of the permanent magnets
being disposed along an imaginary cambered line. Preferably,
the line is a segment of a circular arc. Thus, in the case of
cuboidal permanent magnets, a cambered imaginary line is
also present, which in each instance connects at least one edge
of each permanent magnet. Preferably, this line is also a
circular-arc segment.

To realize the camber, an outer-surface segment of one
permanent magnet is disposed at a greater or smaller radial
distance than the corresponding outer-surface segment of a
permanent magnet of the same pole directly adjacent in the
circumferential direction. The camber is thus realized in dis-
crete fashion.

The circumscribing radial distance of the outer surface of
the respective pole may decrease in the circumferential direc-
tion from the middle of the pole, especially up to the pole edge
lying outside in the circumferential direction, in particular,
the circumscribing circle being that which does not cut, but
rather only touches the permanent magnets, thus, has only
one or two points of intersection with the respective perma-
nent magnet. This is advantageous because an easily produc-
ible circular camber is thus able to be realized.

Each pole may have two or more permanent magnets, in
particular, the permanent magnets being substantially identi-
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cal, each permanent magnet in particular being cuboidal. The
advantage is that an especially simple manufacture is fea-
sible, since cuboidal permanent magnets may be produced
easily and cost-effectively. To produce the pole, the perma-
nent magnets thus only have to be bonded on suitably even
surface sections of the laminated core, the laminated core
being formed such that the camber of the pole is achieved,
even though the permanent magnets are cuboidal and sub-
stantially identical.

The permanent magnets may be disposed on a laminated
core made of stacked individual laminas, in particular each
permanent magnet being mounted on a flat surface section of
the laminated core and bonded to it, the surface element
extending in the stack direction and transversely to it. This
offers the advantage of permitting a simple manufacture. In
particular, adhesive bonding of the permanent magnets to the
laminated core is easily practicable.

The slot number N, of the stator may be selected such that
the inequation

ApXN #2Xpx Ny,

is satisfied, in which aP is the pole pitch, p is the number of
pole pairs and N, is the number of permanent magnets per
pole. This offers the advantage that cogging torque due to the
slotting and/or poles may be reduced. Thus, torque ripple is
reduced and the synchronous motor is better able to be con-
trolled.

The camber may have a camber radius R,,, which is more
sharply curved than the radius D,, /2 of the receiving opening
in the stator, in particular so that the following applies:

R,,<-0+D=/2,

in which 9 is the air gap between the maximum outside radius
of the rotor and the minimum inside radius of the mounting
opening in the stator for accommodating the rotor and D, is
the diameter of the mounting opening in the stator for accom-
modating the rotor. The advantage in this context is that the
pole is cambered, thus, has a sharper curvature than a circle,
whose midpoint lies on the rotor axis and whose radius
touches the point of the pole surface lying at the greatest
radial distance.

The following may apply for the pole pitch:
0.8=0,,<0.85. This offers the advantage that again, the cog-
ging torque and torque ripple of the synchronous motor are
reducible.

The maximum air gap, occurring at the pole edges,
between the pole and the mounting opening may be selected
such that the following applies:

2x0=90,,,,,<3%0,

particularly so that the camber thus extends radially over less
than double the air gap, but at least over a radial-distance area
corresponding to the air-gap distance. This is advantageous
because cogging torque due to the slotting is again reducible.

In the axial direction, the pole may have two substantially
identical sections, between which there is an offset in the
circumferential direction that amounts to an offset angle of
180°/KGV (N, 2xp), in which

KGYV denotes the smallest common multiple,

N, denotes the stator slot number and

p denotes the number of poles. This is advantageous
because torque ripple and cogging torque of the synchronous
motor due to the slotting are reducible.

The stack direction of the laminated core may be the axial
direction. This is advantageous because the flat joining sur-
face is able to be produced by adhesive agent which clings, as
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it were, in surface roughness present in the stack direction. In
this manner, the joining strength is able to be increased.

The poles may have a continuous or discretely approximate
angle of inclination in the axial direction. This has the advan-
tage that torque ripple and cogging torque of the synchronous
motor due to the slotting are reducible, and in turn, improved
controllability of the synchronous motor is thus attainable.

It should be understood that present invention is not limited
to the feature combination described below. Further benefi-
cial combination possibilities of features of the specification
and/or of the figures should become apparent from the fol-
lowing discussion for one skilled in the art.

Example embodiments of the present invention explained
in greater detail below with reference to FIG. 1.

DETAILED DESCRIPTION

FIG. 1 shows the rotor of a synchronous motor, the rotor
shaft able to be accommodated in a central opening 9 being
left out.

Disposed on the rotor shaft, which is insertable in opening
9, is a laminated core 7 that is made up of joined individual
laminas, preferably punch/stacked and/or welded.

Permanent magnets (1, 2, 3, 4, 5, 6) are disposed at the
outer circumference of laminated core 7, one magnetic pole
being formed from a plurality of permanent magnets (1, 2, 3,
4, 5, 6). In FIG. 1, each pole is formed of six permanent
magnets (1, 2,3, 4,5, 6).

In each case gaps are located between the poles in the
circumferential direction.

With the aid of the multi-piece construction of a pole, thus,
the formation of each pole from six permanent magnets (1, 2,
3,4, 5, 6), eddy-current losses are reduced.

Permanent magnets (1, 2, 3, 4, 5, 6) are magnetized in the
radial direction.

Each pole has a maximum outside radius, which is cen-
trally located in the angular range of the pole in the circum-
ferential direction.

From the circumferential position of the maximum outside
radius up to the respective gap adjoining the pole, the outside
radius of the pole decreases. The outer envelope curve of the
pole is thus cambered on both sides in the circumferential
direction.

In this context, each pole is made up of six individual
permanent magnets, which are adhesively bonded on the
laminated core. Each permanent magnet is cuboidal and is
stuck on a flat outer surface of laminated core 7 provided
specifically for it. The radial outer surface of laminated core
7 is thus polygonal in the area of the pole in a cross-section,
the normal to the sectional plane being aligned in the axial
direction, in the respective flat area of the polygon, an adhe-
sive surface extending in the axial direction.

The number of permanent magnets per pole is thus N, ,~6.
The rotor has the number of pole pairs p=3, thus, 2xp=6
individual poles at the circumference of the rotor.

The stator slot number N, is selected such that the inequa-
tion

ApXN | =2xpx Ny,

is satisfied. Thus, cogging torque due to the slotting is as little
as possible.

The rotor is disposed in the stator, the opening in the stator
accommodating the rotor having a diameter D, . At least one
air gap d exists between the opening and the rotor. The air gap
is minimal at the maximum radius of the pole, thus has the
value d at that location.
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The radius R,,, circumscribing the camber is selected such
that the following applies:

Ry <=0+Dyy/2.

The camber, thus the curved profile, of the pole in the
circumferential direction is thus more sharply curved than the
circumference of the rotor. Therefore, the outside radius
decreases from the center of the pole in the circumferential
direction up to the pole edges.

That is why air gap 0 in the area of the pole edges which
adjoin the gaps assumes a maximum value d,,,,...

Especially low cogging torques are obtained if the follow-
ing dimensioning conditions are satisfied:

0.8=0,=0.85

and

2x0=9,,,,,<3%0.

With the aid of the arrangements described herein, substan-
tially identical cuboidal permanent magnets are always
usable as permanent magnets, permitting easy manufacture of
the rotor.

To accommodate the rotor shaft, laminated core 7 has a
centrally located opening 9 for the rotor shaft, and addition-
ally, has openings 8 for reducing the moment of inertia, open-
ings 8 being centrally located relative to the poles in the
circumferential direction and being evenly spaced from each
other in the circumferential direction.

Openings 8, set apart uniformly from each other in the
circumferential direction, are provided in the laminated core
of the rotor to reduce the moment of inertia, their maximum
extension in the radial direction in each case being located in
the center, determined in the circumferential direction, of a
respective assigned pole, the number of poles being equal to
the number of openings 8, the radial extension of openings 8
in the circumferential direction extending symmetrically
relative to the respective pole center determined in the cir-
cumferential direction, the cross-section of a respective open-
ing 8 corresponding to a rounded-off triangle. Thus, an advan-
tageous profile is achieved not only for the moment of inertia,
but also for the magnetic flux.

In order to further reduce cogging torque, in the axial
direction, a substantially identical construction of the rotor is
provided which, however, has an offset in the circumferential
direction. In this context, advantageously an offset of the
poles with an offset angle of 180°/KGV (N, 2xp) is selected,
KGYV denoting the smallest common multiple, particularly of
N1 and the number of poles. In further refinement, other
surface-mounted parts set apart axially may also be provided
which have a specific offset angle relative to each other, or
corresponding surface-mounted parts having a continuous
angle of inclination are also permitted. In the case of the
discrete implementation, each axially subsequent area is in a
position rotated in the circumferential direction by an offset
angle relative to the area preceding it axially.

LIST OF REFERENCE SYMBOLS

1 permanent magnet of the first pole

2 permanent magnet of the second pole

3 permanent magnet of the third pole

4 permanent magnet of the fourth pole

5 permanent magnet of the fifth pole

6 permanent magnet of the sixth pole

7 laminated core

8 opening for reducing the moment of inertia
9 opening for accommodating the rotor shaft
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R, radius circumscribing the camber of the pole
d air gap

d,,0 Maximum air gap

N, ,number of permanent magnets per pole

p number of pole pairs

N, stator slot number

o5 pole pitch

What is claimed is:

1. A synchronous motor, comprising:

a stator having a stator winding;

a rotor including magnetic poles formed of permanent-

magnetic material;

wherein each pole has a cambered outer contour, circum-

scribing the permanent-magnetic material and cam-
bered radially outwardly;

wherein the pole, in an area of the cambered outer contour,

has a local maximum radial distance as a function of an
angle at circumference, such that each pole has a maxi-
mum radial distance that is greater than a maximum
radial distance of the rotor in an angle-at-circumference
area between two poles immediately adjacent in the
circumferential direction; and

wherein 2xp poles are salient in the circumferential direc-

tion, p being the number of pole pairs.

2. The synchronous motor according to claim 1, wherein
the circumscribing outside radius of the respective pole
decreases in the circumferential direction from the center of
the pole, up to the pole edge lying outside in the circumfer-
ential direction, wherein the circumscribing radius is a radius
that does not cut, but rather only touches the permanent mag-
nets, and has only one or two points of intersection with the
respective permanent magnet.

3. The synchronous motor according to claim 1, wherein:
each pole has at least two permanent magnets, all permanent
magnets of all poles are substantially identical geometrically;
the permanent magnets are magnetized differently; and/or
each permanent magnet is cuboidal.

4. The synchronous motor according to claim 1, the per-
manent magnets are arranged on a laminated core made of
stacked individual laminas, each permanent magnet being
mounted on a flat surface section of the laminated core and
bonded to it, the surface element extending in the stack direc-
tion and transversely to it.

5. The synchronous motor according to claim 1, wherein a
slot number N, of the stator satisfies the relationship:

ApxN #2xpx Ny,

in which o, represents a pole pitch, p represents a number
of pole pairs, and N, , represents a number of permanent
magnets per pole.

6. The synchronous motor according to claim 1, wherein
the camber has a camber radius R, which is smaller than a
radius D,;/2 of a mounting opening in the stator, and the
camber is more sharply curved than the mounting opening in
the stator, such that the following relationship is satisfied:

Ry, <=0+Dy/2,
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in which O represents an air gap between a maximum
outside radius of the rotor and a minimum inside radius
of the mounting opening in the stator for accommodat-
ing the rotor and D;, represents the diameter of the
mounting opening in the stator for accommodating the
rotor.

7. The synchronous motor according to claim 5, wherein
the following relationship is satisfied for pole pitch
0.8=0,,=<0.85.

8. The synchronous motor according to claim 6, wherein a
maximum air gap, occurring at pole edges, between the pole
and a mounting opening satisfies the following relationship:

2x9=d,, , =3xd,

so that the camber extends radially over less than double

the air gap.

9. The synchronous motor according to claim 1, wherein,
in the axial direction, the pole has two substantially identical
sections, between which is an offset in the circumferential
direction that amounts to an offset angle of

180°/KGV(N,,2xp), in which KGV represents a smallest

common multiple, N, represents a stator slot number,
and p represents the number of poles.

10. The synchronous motor according to claim 1, wherein
a stack direction of a laminated core is the axial direction.

11. The synchronous motor according to claim 1, wherein
the poles have a continuous or discreetly approximate angle
of inclination in the axial direction.

12. The synchronous motor according to claim 1, wherein
a first, non-trivial, non-vanishing order of a multipole expan-
sion of a cross-section of the rotor corresponds to the number
of poles of the rotor.

13. The synchronous motor according to claim 1, wherein
a first, non-trivial, non-vanishing order of the multipole
expansion of a cross-section of the rotor corresponds to the
number of poles of the rotor, and/or a first, non-trivial, non-
vanishing, higher magnetic multipole moment of the rotor
corresponds to the number of poles of the rotor.

14. The synchronous motor according to claim 1, wherein
a radial distance of the outer contour of the rotor is a non-
constant, periodic function of an angle at circumference, a
number of local maxima of the function corresponding to the
number of poles at the circumference of the rotor.

15. The synchronous motor according to claim 1, wherein
openings, set apart uniformly from each other in the circum-
ferential direction, are provided In a laminated core of the
rotor to reduce the moment of inertia, a maximum extension
in the radial direction in each case being located in a center,
determined in the circumferential direction, of a respective
assigned pole, a number of poles being equal to a number of
openings, a radial extension of the openings in the circumfer-
ential direction in particular extending symmetrically relative
to the respective pole center determined in the circumferential
direction, a cross-section of a respective opening correspond-
ing to a rounded-off triangle.
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